In this paper, an experimental study using time resolved imaging was reported to study the expansion of the vapor as well as subsequent formation of the arc plasma during the synthesis of Cu nanoparticles by wire explosion process to understand the influences of arc plasma formation on the characteristics of the produced nanoparticles by means of partial reheating of the vapor. Arc plasma is known to form after a delay or immediately depending on the ambience and pressure when the supplied energy is sufficient to sustain the plasma. Observations of two expanding concentric cylinders one inside another by time resolved imaging in the case of delayed formation of arc plasma suggest that the vapor of the wire material is expanding in front of the expansion of the arc plasma. Due to the expansion of the vapor in front of the arc plasma, some of the wire material may not be reheated by arc plasma as opposed to the case of immediate formation of arc plasma, where the vapor is expected to be reheated completely. Thus, the arc plasma formation has strong influence on the characteristics of the produced nanoparticles in wire explosion process and most probably explains the earlier reported opposite trends observed for particle size with varying pressure for different gases. In recent years, the synthesis of nanoparticles of wide range of materials by the wire explosion process has been extensively studied. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] In this process, a high power pulsed current is passed through a thin wire to vaporize the wire material by Joule heating and subsequently nucleation and growth of nanoparticles will take place during the adiabatic expansion of the material vapor. Arc plasma is found to be formed through the material vapor when the supplied energy is sufficient to sustain the plasma. Different plasma diagnostic tools including time resolved imaging were reported to study the wire explosion process, understanding the subsequent nanoparticles growth mechanism and influences of different experimental parameters on the characteristics of the produced nanoparticles. [16] [17] [18] [19] [20] [21] Several studies have been reported to study the effects of different experimental parameters like the ambient gas species and pressure, amount of deposited energy and the initial crystalline structure of the wire material on the characteristics of the nanoparticles produced by the wire explosion process. [16] [17] [18] [19] [20] [21] [22] [23] [24] It had been reported that the size of the nanoparticles formed in Ar ambience increases with increasing pressure, while an opposite trend was observed for the nanoparticles produced in N 2 and He ambiences. 10, 17, 18 While studying the influences of different ambience, it was reported that the enhancement of energy deposition in water ambience, due to longer plasma formation time, leads to the reduction of micrometer size particles and have smaller particle sizes compared with that in air. 22 However, the comparison and estimation of deposited energy in these two ambiences later came into questions and discussion. 25, 26 Recently, it has been hypothetically demonstrated that the arc plasma formation time may influence the size of the produced nanoparticle by means of expansion of the wire material beyond the arc plasma formation region, considering the concept of partial reheating. By using the concept of partial reheating of the vapor due to the escape of the vapor from the arc plasma formation region before formation of arc plasma, the opposite trend in particle size variation with pressure for different ambiences could be satisfactorily explained. 17, 19, 23, 24 However, so far no direct experimental evidence has been obtained for the partial reheating of the metallic vapor in the wire explosion process. In this paper, an experimental study by time resolved imaging was carried out to study the expansion of the vapor as well as formation of the arc plasma to understand the influence of arc plasma formation time on the characteristics of the produced nanoparticles. Figure 1 shows the schematic of the experimental setup. The system consists of a capacitor of 1.85 lF, which is charged up to 10 kV (stored energy of 92.5 J) and applied to explode a Cu wire of diameter 1.25 lm and a length of 6.1 cm via a spark gap. The fundamental parameters of the experimental system can be found elsewhere. 13, 19, 23, 24, 28 A Princeton Instrument intensified charge coupled device (ICCD) (PI-MAX 3, resolution 1024 Â 1024 pixels) was used to capture the images of the explosion and subsequent phenomena. The ICCD is focused on the wire before applying the discharge voltage by using an optical system and the exposure time (gating time) of the ICCD is set at 2 ns. A triggering unit and a delay controller are used to trigger the discharge and to synchronize the ICCD. To capture the image of the vapor after the explosion of the wire, a laser illumination arrangement is employed. For this purpose, a cylindrical lens along with an one dimensional slit are used to focus the laser beam across 
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This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: the plane of the wire and perpendicular to the optical axis of the ICCD. The series of experiments have been carried out in a constant chamber pressure of 500 millibars in N 2 environment, while all the other parameters are also being kept constant.
The measured voltage, current, and calculated energy are shown in Fig. 2 . As soon as the discharge voltage is applied across the wire, a high current pulse is passed through the wire. The wire will be melted and eventually vaporized. It is observed that approximately 21 J (23% of total energy) of energy is deposited to the wire material during the first current peak which is almost five times the energy required to melt the wire material (4.1 J) and half of the energy required to completely vaporize the wire material (40.1 J). Thus, it is suggested that the wire has been fully melted during the first current pulse and a mixed phase of liquid and vapor is produced. The conductivity of this liquid and vapor mixture of the wire material is much lower than that of the wire and hence causing the current to fall and the voltage to increase. The concentration will eventually decrease due to the expansion of the mixture while the potential that remains across the wire holders can cause an electrical breakdown depending on various factors such as the wire material, density, background gas, and its pressure. This leads to the formation of an arc discharge. 13, 19, 24, 27 For the wire explosion in a N 2 environment at 500 millibars pressure, the breakdown is found to occurs approximately 8 ls after the first current pulse. The energy transferred to the vapor mixture or background gas during the formation of the arc plasma is estimated to be 45 J (50% of total energy), which is able to significantly heat up the arc discharge plasma. Typical triggering and GATE signals for 10.25 ls delay are also shown in Fig. 2 . It is observed that the discharge voltage reaches the electrode after a delay of 2 6 0.2 ls due to complex electronics involved in the spark gap circuit and the memory effect of the spark gap and so the delay controller was set accordingly to compensate this delay in synchronizing the ICCD. Figure 3 shows the typical ICCD images of the explosion of the wire taken at different times after the discharge voltage was applied across the wire (and before the formation of arc discharge). It is observed that the wire material expands to the surroundings and the density in the explosion region decreases as time elapses. From Figs. 3(a) and 3(b) , one can observe a bright background which may be due to laser scattering by the surface evaporation of the wire material and light emission from nearby plasma formation during the early stage of the current pulse. The current density at the surface of the wire is known to be higher due to the skin effect, which will heat the surface of the wire more compared to the bulk of the wire. This probably leads to evaporation the wire material from the surface of the wire and subsequently forming the nearby plasma before melting the wire completely. 23 The expansion of the wire material can be clearly visualized from Figs. 3(a)-3(d) , which also suggests that the wire material has diffused to considerable size before the formation of the arc plasma.
Typical ICCD images taken during and after the formation of arc plasmas are shown in Fig. 4 along with the corresponding discharge voltage and GATE signals. It is worth mentioning here that the initial stage of the formation of arc plasma is clearly observed with several discharge channels, which is known as one of the unique characteristics of the arc discharge. Detailed observation on the images taken after the formation of arc discharge reveals an interesting view of two expanding concentric cylinders one inside the other, which suggest that the wire material is expanding in front of the expansion of the arc plasma. Due to the expansion of the wire material in front of the arc plasma, some of the wire material may not be reheated by the arc plasma and as a result the temperature of the escaping wire material will be unaltered. From these observations, it is clearly understood that the amount of unaltered wire material depends on the arc plasma formation time. For larger arc plasma formation time, more wire material may be unaltered by arc plasma and established the concept of partial reheating proposed earlier. 13, 19, 23, 24, 27 The radial distribution profile of the light intensity (expansions of the vapor and plasma) measured at the center and average radial positions (measured in 7 positions from top to bottom) of the expanding outermost layer at different times are shown in (V vapor, average ) and arc plasma (V arc, average ) are estimated to be 946 m/s and 1340 m/s, respectively. It is worth mentioning here that the formation of arc plasma takes place immediately (a fraction of microsecond) for Ar ambience, while for N 2 ambience, considerable delay in arc plasma formation (up to few microsecond) is generally noticed depending on the pressure. 19, 23, 24 The changes in arc plasma formation time with pressure in N 2 and He ambiences lead to changes in the reheating of the liquid vapor mixtures. As the pressure decreases, formation of the arc plasma takes place at an earlier time for N 2 and He and hence the heating of the liquid vapor mixture is higher. Due to this increase in heating of the wire material, the particle size increases with decreasing pressure in N 2 and He ambiences. 10, [17] [18] [19] On the other hand, in Ar ambience, due to the immediate formation of the arc plasma, all the wire material is heated by the arc plasma completely and hence the temperature are almost the same for different pressures, which of course leads to the decrease of the particle size with decreasing pressure due to the lower collision and high rate of nucleation. 28 In summary, this study helps in the understanding of the expansion phenomena of vapor as well as arc plasma during the synthesis of nanoparticles by wire explosion process. Observation of two expanding concentric cylinders by time resolved imaging suggests that the wire material may escape the arc plasma formation region with partial reheating depending on the arc plasma formation time. This observation helps to improve our understanding on the influences of different operating parameters on the characteristics of the produced nanoparticles.
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